have been identified as effectors of mRNA export (Gö rlich and Kutay, 1999; Nakielny and Dreyfuss, 1999). The mechanism of HIV-1 Rev-mediated RNA export has been studied extensively (Pollard and Malim, 1998 Despite considerable efforts, the events that take findings suggest that pre-mRNA splicing imprints place in the nucleus between the time mRNA forms by mRNA with a unique set of proteins that persists in pre-mRNA splicing and its engagement with the nuclear the cytoplasm and thereby communicates the history pore complexes through which mRNAs are exported to of the transcript. the cytoplasm are not known. This is due, in large part, to the fact that postsplicing, preexport nuclear mRNP 
other receptors, specific cargoes other than ribosomal reacted with a single band corresponding to 24 kDa on proteins have not been identified for RanBP5. We carried a Western blot of HeLa whole cell lysate ( Figure 2A ) and out yeast two-hybrid screening on a HeLa cell cDNA specifically immunoprecipitated in vitro translated Y14 library to identify potential cargoes for RanBP5. We used ( Figure 2B ). Immunofluorescence microscopy using 4C4 RanBP5 lacking the amino-terminal 395 amino acids as on HeLa cells showed that Y14 is localized predomibait, because the carboxyl-terminal region of NTR family nantly in the nucleoplasm and in nuclear speckles. Low members contains the cargo binding domain (Gö rlich but significant cytoplasmic staining was also observed and Kutay, 1999; Nakielny and Dreyfuss, 1999). We ana-( Figure 2C ). lyzed 17 positive clones, 14 of which turned out to be identical and encode a putative RNA binding protein,
Y14 Is Preferentially Associated with mRNAs designated here as Y14. Database searches revealed
Produced by Splicing Y14 to be identical to RNA binding motif protein 8, a
Because several splicing factors, such as SR proteins, protein of unknown function isolated by sequencing localize to speckles (Fu, 1995; Lamond and Earnshaw, mRNAs from HeLa cells (GenBank accession number 1998; Misteli and Spector, 1998), we sought to determine AF127761). Y14 is a 174 amino acid protein that contains if Y14 has a role in pre-mRNA splicing. We found that a single RNA binding domain (RBD) in the middle of the anti-Y14 antibodies did not inhibit pre-mRNA splicing protein (Figure 1) . The carboxyl-terminal domain conin vitro (data not shown). To examine whether Y14 is tains many basic residues and two arginine-serine dipresent in spliceosomes, we carried out immunoprecipipeptide repeats that are characteristic of SR splicing tations from in vitro splicing reactions. We first used prefactors (Fu, 1995) . The amino-terminal domain is rich in mRNA derived from the adenovirus major late promoter arginines and lysines (Figure 1 ). By screening a Xenopus (Ad2) (Pellizzoni et al., 1998) and performed the immunocDNA library with human Y14 cDNA, we isolated a putaprecipitations after 40 min incubations from the splicing tive Y14 homolog from Xenopus laevis. The Xenopus cDNA reaction. Antibodies against the hnRNP A1 and C proencodes a 174 amino acid protein that shows 90% identity teins used in parallel preferentially immunoprecipitated and 95% similarity to human Y14 protein (Figure 1 ). Datapre-mRNA and lariat intron ( Figure 3A) . In contrast, the base searches revealed other putative homologs in anti-Y14 antibody 4C4 preferentially and efficiently immouse, Drosophila melanogaster, Caenorhabditis elemunoprecipitated the mRNA product ( Figure 3A ). This gans, and the fission yeast Schizosaccharomyces pombe pattern is somewhat similar to that observed with ASF/ (Figure 1) . Direct binding experiments (N. K. and G. D., SF2 antibody (Hanamura et al., 1998); however, anti-Y14 unpublished data) showed that Y14 binds to RanBP5 in a RanGTP-sensitive manner, suggesting that this NTR immunoprecipitates spliced mRNA much more effiis a nuclear import receptor for Y14. ciently ( Figure 3A ). 4C4 did not efficiently immunoprecipitate the same mRNA produced by transcription in vitro and incubated in the extract under the same experimen-Y14 Is Localized Mainly in Nucleus and Shows tal conditions ( Figure 3B ). To determine whether this a Speckled Pattern effect is general or is unique to the mRNA produced from To further characterize Y14, we produced monoclonal antibodies to it. One of the monoclonal antibodies, 4C4, the Ad2 pre-mRNA, we carried out similar experiments using another splicing substrate derived from chicken produced by pre-mRNA splicing. Interestingly, spliced mRNA that was exported to the cytoplasm was also ␦-crystallin pre-mRNA (Ohno and Shimura, 1996), CDC. As shown in Figures 3C and 3D , anti-Y14 also efficiently efficiently immunoprecipitated by anti-Y14 antibody ( Figure 4A ). To address the possibility that cytoplasmic immunoprecipitated spliced mRNA derived from CDC pre-mRNA but did not efficiently immunoprecipitate Y14 binds to spliced mRNA in the cytoplasm after mRNA export rather than being exported with it from the nu-CDC mRNA that was transcribed in vitro and incubated under the same conditions. We also used in vitro trancleus, we microinjected both pre-mRNA and mRNA produced by in vitro transcription into oocyte cytoplasm. scribed dihydrofolate reductase (DHFR) mRNA, which is naturally intronless, for similar immunoprecipitation After a 1.5 hr incubation, immunoprecipitations were carried out from the cytoplasmic fraction with the antiexperiments. Anti-Y14 did not efficiently immunoprecipitate the intronless DHFR mRNA, while antibodies bodies indicated. As shown in Figure 4C , only trace amounts of these RNAs could be immunoprecipitated against hnRNP A1 and C proteins did ( Figure 3E ). These results demonstrate that Y14 binds efficiently only to with anti-Y14 antibody. These results suggest that Y14 binds to spliced mRNA in the nucleus, stays on it during mRNAs that are produced by pre-mRNA splicing.
To examine these observations in vivo, we microinexport, and remains associated with the newly exported mRNA in the cytoplasm. jected RNAs into Xenopus laevis oocytes and analyzed the RNAs that were immunoprecipitated with 4C4 from the nucleus and cytoplasm. The 4C4 antibody also spe-Y14 Becomes Associated with pre-mRNAs cifically reacts (by immunoprecipitation and Western after Splicing of a Single Intron blotting) with Xenopus oocyte Y14 (data not shown). As
To determine whether Y14 binding is directly coupled shown in Figure 4A , the anti-Y14 antibody efficiently and to splicing or is simply part of a postsplicing process preferentially immunoprecipitated spliced mRNA from that occurs after the processing of the mRNA has been the nuclear fraction. In contrast, anti-Xenopus hnRNP completed, we examined the binding of Y14 to splicing C1 antibody, 10C1, preferentially immunoprecipitated intermediates of pre-mRNAs that contain more than one the lariat intron ( Figure 4A ). Because the anti-Y14 antiintron. For these experiments, we used a 661 nucleotide body did not immunoprecipitate intronless mRNA in pre-mRNA derived from the chicken ␦-crystallin previtro ( Figures 3B, 3D , and 3E), we tested its ability to mRNA containing exons 13, 14, and 15, and the introns immunoprecipitate mRNA that was not produced by that separate them in the native pre-mRNA (Ohno et splicing in the oocyte nucleus. Adenovirus-derived and al., 1987). This construct, (CDC2), has been extensively DHFR mRNAs produced by in vitro transcription were used and characterized in in vitro splicing reactions microinjected into oocyte nuclei, and immunoprecipita-(Ohno et al., 1987). Figure 5 shows that this pre-mRNA tions were carried out 1.5 hr later from the nucleus and is spliced in the oocyte nucleus, and the resulting mRNA cytoplasm. As was the case in vitro, the Y14 antibody is exported to the cytoplasm. Within the time frame of did not efficiently immunoprecipitate in vitro transcribed this experiment (1 hr incubation), the pre-mRNA conmRNA from either the nucleus or the cytoplasm (Figure taining both introns is no longer detected, but in addition 4B). These results strongly suggest that efficient association of Y14 with mRNA requires that the mRNAs be to the final mRNA product and the intron lariats a splicing 
, 1988). The Y14 maining intron(s). This suggests that Y14 association is a marker, if not an outright effector, of an RNP that is
antibody coimmunoprecipitated several proteins in addition to Y14 ( Figure 6A ). Although the pattern of the directed toward export. Second, the hnRNP C proteins preferentially associate with intron lariats. This appears Y14-containing immunoprecipate is similar to that of the hnRNP complex, several bands are either specific to or to be the case for all of the lariats we have tested both in vivo and in vitro, and it suggests that there is a specific enriched in Y14 complexes, while others are specific to Figure 7 , show that Y14 shuttles between the nucleus and the cytoplasm. We conclude that Y14 has a functional NLS (that is probably recognized by and is imported by RanBP5) and a functional NES and that it shuttles rapidly between the nucleus and the cytoplasm.
Discussion
In this report, we have identified a novel nuclear RNA binding protein, Y14. The amino acid sequence of Y14 is highly conserved among divergent organisms, suggesting that it has an important cellular function. Although a likely Y14 ortholog is found in S. pombe, no proteins with significant homology are apparent in Saccharomyces cerevisiae. Because it contains an RNP motif (Burd and Dreyfuss, 1994), it is likely that Y14 binds to RNA. Antibodies to Y14 preferentially immunoprecipi- the anti-Y14 antibody (4C4) results simply from epitope accessibility (i.e., that Y14 is in fact present also on premRNAs and lariat introns), we find this unlikely because mRNA in the cytoplasm, suggested that Y14 shuttles the same results were obtained using several monobetween the nucleus and the cytoplasm. Consistent with clonal antibodies to different parts of Y14 (N. K. and this, microinjections of Y14 produced by in vitro tran-G. D., unpublished data) and because there is no detectscription/translation into oocyte cytoplasm or nucleus able Y14 in hnRNP complexes isolated with antibodies showed that it is readily imported and exported from to hnRNP A1 and C1/C2 proteins. the nucleus (data not shown). However, because the Y14 was not detected in general hnRNP complexes molecular mass of Y14 is considerably smaller than the but rather only in complexes purified with anti-Y14. diffusion limit through nuclear pores we could not conThese novel complexes contain many of the major clude on the basis of these experiments that Y14 is a known hnRNP proteins including A1 and C proteins, but shuttling protein. To circumvent these difficulties and the amount of these proteins in Y14-containing comaddress this directly, we constructed chimeric proteins plexes is significantly reduced compared to that found comprised of Y14 fused to the nucleoplasmin core doin hnRNP complexes. Most of the anti-Y14 coimmunomain and containing a nuclear localization signal from precipitated proteins are no longer detected after RNase the SV40 large T antigen. The nucleoplasmin core dotreatment (data not shown), supporting the conclusion main forms highly stable large oligomers that remain in that Y14 is a component of RNA-containing complexes the nucleus unless coupled to a strong NES, and such presumably mRNAs. Notably, the Y14 complexes but constructs have been previously used in conjunction not hnRNP complexes contain the mRNA export factor with heterokaryons to determine if proteins contain TAP (Grü ter et , 1999) . Therefore, it is Finally, our findings suggest that pre-mRNA splicing likely that splicing can promote not only the removal of is a process that serves not only to remove introns but nuclear retention factors but also the formation of more also to imprint the mRNA, through the binding of Y14 efficient export complexes. The Y14 complex that forms and other specific proteins. It is of significance that this in the nucleoplasm is an excellent candidate for such imprint, in the form of the Y14 complex, persists on the an export complex. We note, however, that the nuclear mRNA even after its export in the cytoplasm. Because microinjection experiments using the two-intron cona single splicing event is sufficient for Y14 association, taining CDC2 pre-mRNA argue that introns are not retenwe consider it likely that each spliceosome deposits a tion elements in themselves but rather that removal of Y14 complex at or near the point at which the exons an intron (and the concomittant attachment of Y14 comjoined. This would provide a mechanism for marking plex) directs the transcript toward export. and communicating to the cytoplasm the position on Our view of Y14-containing complexes in relation to the mRNA of where introns were present even though the postsplicing pathway is depicted in Figure 8 
